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The static electromagnetic properties of the W boson, ∆κ and ∆Q, are calculated in the T-
parity and non T-parity littlest Higgs model (LHM) including terms up to the order of (v/f)4,
with v the standard model (SM) vacuum expectation value and f the scale of the global symmetry
breaking. There are contributions from the virtual effects of the new heavy particles and also from
the new corrections to the SM vertices, which depend on the mixing parameter c and decrease
quickly as f increases. Depending on the value of c, the partial contributions to ∆κ and ∆Q can
add constructively or destructively. The terms of the order of (v/f)4 are subdominant but they
can add constructively and can enhance the W form factors for f . 1 TeV. In general the size of
the W form factors is very suppressed in the LHM without T-parity as the constraints on the scale
f from electroweak precision measurements are very tight. The LHM with T-parity has no such
constraints and it allows for values of W form factors similar to those found in other weakly coupled
SM extensions, though they are out of the expected sensitivity of future measurements at the LHC.
We also discuss the possibility that there is some enhancement due to the interactions arising from
the strongly interacting ultraviolet completion of the LHM.
PACS numbers: 13.40.Gp, 12.60.Fr, 14.70.Fm
I. INTRODUCTION
It has been long known that trilinear gauge boson couplings (TGBCs) are very sensitive to new physics effects and
may serve as a probe of the gauge sector of the standard model (SM) [1]. It is expected that this class of couplings will
be experimentally tested with high accuracy at a near future [2]. Particular interest has been put on the couplings
involving the charged gauge boson W , namely the WWγ and WWZ vertices, whose one-loop corrections were long
ago studied in the SM [3, 4] and afterwards in the framework of several of its extensions [5–11]. The on-shell WWγ
vertex can be written in terms of four form factors that define the CP-even and CP-odd static electromagnetic
properties of the W boson [1]. There are two CP-odd form factors, which are absent at the one-loop level in the
SM and are thus expected to be negligibly small. These terms can only be generated at the one-loop level in models
in which the W boson couples simultaneously to both left- and right-handed fermions [12]. As far as the CP-even
static electromagnetic properties are concerned, they are determined by two form factors, ∆κ and ∆Q [1], which can
only arise at the one-loop level in the SM and any other renormalizable theory, thereby being highly sensitive to new
physics effects. It is then interesting to assess the deviation of these form factors from their SM values in any extended
model.
Among recently proposed SM extensions, little Higgs models [13–27] have been the source of considerable interest.
The parameters of this class of models have been constrained from low energy electroweak measurements [28–37]
and their phenomenological consequences at future colliders have been examined [38–82]. It turns out that this class
of models predict interesting new physics at the TeV scale that could be tested at the large hadron collider (LHC)
[39–41, 43–47, 68, 69, 73, 74, 77, 79, 81] or the planned international linear collider (ILC) [48–52]. Little Higgs theories
are appealing as they provide a solution to the hierarchy problem different to the one offered by supersymmetry or
extra dimensions theories: by requiring the Higgs boson to be a pseudo-Goldstone boson arising from a spontaneously
broken approximate symmetry at a ΛS scale, the quadratically divergent SM one-loop contributions to the Higgs
boson mass are canceled without fine tuning up to the ΛS scale, thereby rendering a naturally light Higgs boson
[13–15]. In order to avoid fine tuning, the Higgs boson couplings must also be fixed in a specific way. Little Higgs
models predict new particles: fermions, gauge bosons and scalar bosons, with a mass of the order of the TeV scale,
which cancel the SM one-loop quadratic divergences to the Higgs boson mass [13–15]. Even if these new particles are
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2too heavy to be directly produced at particle colliders, they may show-up through loop effects in particle observables.
In this work we are interested in analyzing the one-loop contributions to ∆κ and ∆Q in the framework of the most
popular realization of little Higgs models, which is the so called littlest Higgs model (LHM) [14]. In such a model
there are new contributions to the one-loop WWγ vertex arising from corrections to the SM couplings and also from
the virtual effects of the new particles. We will see below that these contributions can be conveniently classified in
a series of powers of v/f , with v the standard model vacuum expectation value and f ∼ O(TeV) [14] the scale of
the global symmetry breaking. We will present explicit analytical expressions for ∆κ and ∆Q, and analyze their size
for representative values of the model parameters consistent with low energy constraints. We will also examine the
behavior of these form factors in the LHM with T-parity, which is a more recent version of the LHM that has attracted
considerable interest recently: constraints on its parameter space have been obtained [37] and its phenomenology has
been extensively studied [58–82]. The addition of T-parity to the LHM is meant to alleviate some of its problems.
In particular, the constraints on the scale f from electroweak precision observables are significantly relaxed [37].
Furthermore, an exciting by-product of this model is a dark matter candidate [27].
The rest of the paper is organized as follows. Sec. II is devoted to a brief description of the LHM. The definition
of the static electromagnetic properties of the W boson is introduced in Sec. III, whereas in Sec. IV we present the
analytical expressions for the static properties of the W boson. The numerical results are analyzed in Sec. V and the
conclusions are presented in Sec. VI.
II. OVERVIEW OF THE LITTLEST HIGGS MODEL
We now turn to present an overview of the LHM [14] and also discuss the inclusion of T-parity [27]. We will content
ourselves with discussing those topics relevant for our calculation. A detailed description of these models along with
their Feynman rules and an analysis of their phenomenology can be found in Refs. [39] and [58, 60]. The LHM and
the LHM with T-parity are almost identical in the scalar and gauge sectors, but their fermion sectors differ. We will
discuss first those features shared by both models.
The LHM [14], is a non-linear sigma model based on an SU(5) global symmetry, with a locally gauged [SU(2) ⊗
U(1)]1 ⊗ [SU(2) ⊗ U(1)]2 symmetry as a subgroup. At the cutoff scale ΛS , the SU(5) global symmetry is broken
down to SO(5) by the vacuum expectation value (VEV) of the sigma field, Σ0, which is of the order of f ∼ O(TeV).
At this stage the gauged symmetry is also broken down to its diagonal subgroup, SU(2) × U(1), which happens to
be the SM gauge group. Fourteen Goldstone bosons arise after the breaking of the global symmetry and four of
them, which transform under the electroweak gauge group as a real singlet and a real triplet, are eaten by the gauge
bosons associated with the broken gauge symmetry, which thus acquire a mass of the order of f . The remaining
ten Goldstone bosons transform as a complex doublet h and a complex triplet φ of the electroweak gauge group. A
Coleman-Weinberg type potential for these ten Goldstone bosons is induced radiatively by the gauge and Yukawa
couplings that break the global SO(5) symmetry. The complex triplet gets a mass of the order f , while the neutral
component of the complex doublet develops a VEV, v, that is responsible for the electroweak symmetry breaking
(EWSB). In addition, it is necessary to introduce a new vector-like top quark to cancel the quadratically divergent
contribution to the Higgs mass from the top quark loop.
The Lagrangian of the LHM can be written as the sum of the kinetic energy Lagrangian of the Σ field, LK, plus
the Yukawa Lagrangian, LY, and also the kinetic terms of the gauge and fermion sectors. The sigma field kinetic
Lagrangian is given by [14]
LK = f
2
8
Tr|DµΣ|2, (1)
with the [SU(2)× U(1)]2 covariant derivative defined by [14]
DµΣ = ∂µΣ− i
2∑
j=1
[
gjW
a
j µ(Q
a
jΣ + ΣQ
aT
j ) + g
′
jBj µ(YjΣ + ΣY
T
j )
]
. (2)
The heavy SU(2) and U(1) gauge bosons are Wµj =
∑3
a=1W
µa
j Q
a
j and B
µ
j = B
µ
j Yj , with Q
a
j and Yj the gauge
generators, while gi and g
′
i are the respective gauge couplings. The VEV Σ0 generates masses for the gauge bosons
of the order of f and mixings between them. The heavy gauge boson mass eigenstates are given by [14]
W ′a = −cW a1 + sW a2 , (3)
B′ = −c′B1 + s′B2, (4)
3with masses mW ′ =
f
2
√
g21 + g
2
2 and mB′ =
f√
20
√
g′21 + g
′2
2 .
The orthogonal combinations of gauge bosons are identified as the SM gauge bosons [14]:
W a = sW a1 + cW
a
2 , (5)
B = s′B1 + c′B2, (6)
which remain massless at this stage, their couplings being given by g = g1s = g2c and g
′ = g′1s
′ = g′2c
′, where
s = g2/
√
g21 + g
2
2 and s
′ = g′2/
√
g′21 + g
′2
2 are mixing parameters (here c =
√
1− s2 and c′ = √1− s′2).
After EWSB there is additional mixing between heavy and light gauge bosons and we arrive at the final mass
eigenstates. There are three light gauge bosons (the SM ones) AL, WL and ZL, and three heavy gauge bosons which
are their counterpart; AH , WH and ZH . One of the light gauge bosons is the photon, AL, which remains massless,
but the WL and ZL gauge bosons masses get corrected by terms of the order of (v/f)
2 and so are the masses of the
heavy gauge bosons. The latter obey the following relations [39]:
m2ZH ≃ m2WH = m2W
(
f2
s2c2v2
− 1
)
≥ 4m2W
f2
v2
, (7)
m2AH = m
2
Zs
2
W
(
f2
5s′2c′2v2
− 1 + xHc
2
W
4s2c2s2W
)
≥ 4m2W t2W
f2
5v2
, (8)
with tW = sW /cW , being sW and cW the cosine and sine of the Weinberg angle θW , while xH =
5
2gg
′ scs′c′(c2s′2+s2c′2)
5g2s′2c′2−g′2s2c2 .
In the scalar sector, a Coleman-Weinberg potential VCW, which is generated radiatively at one loop by the heavy
gauge bosons and the top-partner, induces the EWSB. After expanding the Σ field, the following VCW potential is
obtained [14]
VCW = λφ2f
2Tr|φ|2 + iλhφhf
(
hφ†hT − h∗φh†)− µ2|h|2 + λh4 |h|4, (9)
where λφ2 , λhφh, and λh4 depend on the fundamental parameters of the model. As for µ
2, which receives logarithmic
divergent contributions at one-loop level and quadratically divergent contributions at the two-loop level, is treated as
a free parameter of the order of f2/16π2.
Minimizing the VCW potential leads to the VEVs of the SM Higgs doublet and the SU(2) Higgs triplet, v and v
′.
After diagonalizing the Higgs mass matrix, the light Higgs boson mass can be obtained at the leading order [39]
m2H = 2µ
2 = 2
(
λh4 −
λ2hφh
λφ2
)
v2. (10)
It is required that λh4 > λ
2
hφh/λφ2 to obtain the correct electroweak symmetry breaking vacuum with m
2
H > 0.
The Higgs triplet masses are degenerate at this order and can be written as follows [39]:
m2Φ =
2m2Hf
2
v2
(
1− 16v′2f2
v4
) . (11)
To have a positive definite m2Φ it is necessary that
v′2
v2
<
v2
16f2
. (12)
The mass of the Higgs triplet obeys thus the following relation
m2Φ ≥ 2m2H
f2
v2
. (13)
In summary, in the gauge sector there are four new gauge bosons W±H , ZH and AH , while in the scalar sector there
are new neutral, singly charged and doubly charged Higgs scalars, φ0, φ−, φ−−, together with one pseudoscalar boson
φP . The presence of the heavy gauge bosons and the heavy top quark partner is generic in little Higgs models since
4these particles are necessary for the collective symmetry breaking [83]. However, the scalar sector depends on the
particular implementation of the model.
In the fermion sector it is necessary to introduce a new vector-like top quark T , dubbed the top partner. The T
loops cancel the quadratically divergent contribution to the Higgs mass arising from the top quark loops. This fixes
the Yukawa interactions, given by [14]
LY = 1
2
λ1fǫijkǫx,yχiΣj,xΣk,yu
′c
3 + λ2f t˜t˜
c +H.c., (14)
where t3 is the SM top quark, u
′
3 is the SM right-handed top quark, (t˜, t˜
′c) is a new vector-like top quark and
χ = (b3, t3, t˜). The first term of LY induces the couplings of the Higgs boson to the fermions such that the quadratic
divergences from the top quark loop are canceled by the top partner loop. The expansion of the Σ field leads to the
physical states, t and T , after diagonalizing the mass matrix. At the leading order in v/f , the masses of the SM top
quark and the new top quark T are given by [39]
mt =
λ1λ2√
λ21 + λ
2
2
v, mT = f
√
λ21 + λ
2
2. (15)
There is no need to introduce extra vector-like quarks for the first two quark generations as the quadratic divergences
from the first two families of fermion loops are not important below the cutoff scale ΛS .
A. LHM with T-parity
The LHM can give some large corrections to electroweak precision observables, so stringent constraints on the scale
f are imposed by experimental data. An interesting solution to this problem is obtained by invoking a discrete Z2
symmetry, T-parity, which can eliminate such dangerous corrections to electroweak precision observables and relax
the constraints on f [27]. T-parity is a symmetry analogue to the R-parity symmetry introduced in supersymmetric
models. In this realization of the LHM, known as the LHM with T-parity, the SM particles are T-even whereas the
heavy particles are T-odd, thereby forbidding any effective operator involving only light fields to be generated at the
tree-level by exchange of heavy fields since an even number of these fields is required at each vertex. This prevents
dangerous corrections to electroweak precision observables [27].
The gauge and scalar sectors of the LHM with T-parity are identical to the original LHM with the restrictions g1 = g2
and g′1 = g
′
2 [27]. It means that in the gauge sector the T-parity transformation just exchanges the [SU(2)× U(1)]1
and [SU(2)× U(1)]2 gauge bosons. The light SM gauge bosons are T-even while the heavy gauge bosons are T-odd.
In the scalar sector, the SM Higgs doublet is T-even, while the additional SU(2)L triplet Φ is T-odd. The HΦH
coupling is thus forbidden and so is a nonzero VEV, v′, for the SU(2)L triplet. As a result, in the LHM with T-parity
the following conditions are automatically satisfied:
c = s, c′ = s′, (16)
s0 = sP = s+ = 0, (17)
c0 = cP = c+ = 1. (18)
In summary, in the gauge and scalar sectors both the LHM and the LHM with T-parity have the same particle
content [27]. The relations for the masses of the heavy gauge bosons given in Eqs. (7) and (8) are valid in the LHM
with T-parity and so is the relation (13) for the mass of the Higgs triplet.
As far as the fermion sector is concerned, T-parity is implemented in such a way that all the SM fermions are
T-even. While in the LHM only the third quark generation is modified, the introduction of T-parity requires the
doublet spectrum to be doubled to avoid compositeness constraints [27]. For each SM fermion doublet, two fermion
doublets are introduced. Further details of the fermion sector of the LHM with T-parity can be found elsewhere
[58]. For the purpose of our calculation we only consider the top sector, which is additionally modified to cancel the
quadratic divergences from the SM top quark loops. In addition to the SM top quark, whose mass is given by Eq.
(15), there are two new mass eigenstates, namely, a T-even top partner t′+ and a T-odd t
′
− top partner, with masses
of the order of f [58]:
mt′
+
= f
√
λ21 + λ
2
2, mt′
−
= λ2f. (19)
5The T-even top partner t′+ is counterpart of the top partner of the LHM, although its phenomenology is rather
different. The new Yukawa interactions required to cancel the quadratic divergences of the top quark will correct
some SM couplings with terms of the order of (v/f)2. The WWγ vertex will also be modified via the new W+t¯′+b
interaction, but there is no new contribution arising directly from the T-odd partner since by the T-parity symmetry
it does not couple to the W+b− pair.
We now turn to present our calculation. The relevant Feynman rules in both the LHM and the LHM with T-parity
can be found in Ref. [39]. For completeness they are included in Table II and Table III of appendix A.
III. STATIC ELECTROMAGNETIC PROPERTIES OF THE W BOSON
The most general CP-conservingWWγ vertex function with on-shell particles can be written in terms of two form
factors, ∆κ and ∆Q [1]. It is convenient to use the convention of Ref. [3] for the momenta of the external particles:
(p − Q)α and (p + Q)β are the momenta of the incoming and outgoing W+ gauge bosons and −2Qµ is that of the
emitted photon. In this notation, the CP-even on-shell WWγ vertex can be written as [3]:
Γµαβ = i e
{
A
[
2 pµgαβ + 4
(
Qβ gµα −Qα gµβ)]+ 2∆κ (Qβ gµα −Qα gµβ)+ 4∆Q
m2W
pµQαQβ
}
. (20)
In the SM A = 1 at the tree-level, while both ∆κ and ∆Q can only arise up to the one-loop level in renormalizable
theories, thereby being free from ultraviolet singularities. These form factors can receive contributions from fermions,
gauge bosons, and scalar bosons that couple to the W boson. The magnetic dipole moment (µW ) and the electric
quadrupole moment (QW ) of the W boson are defined in terms of ∆κ and ∆Q as follows:
µW =
e
2mW
(2 + ∆κ) , (21)
QW = − e
m2W
(1 + ∆κ+∆Q) . (22)
It is worth mentioning that another parametrization is used for theWWγ vertex in experimental works. We choose
to use the parametrization of Eq. (20) as it is the one that has been used in the theoretical calculations of the one-loop
WWγ vertex.
A. Experimental limits on the electromagnetic W form factors
We now would like to comment on the current limits on the W form factors and the expected sensitivity of future
measurements at the LHC and the planned ILC. In experimental works studying the limits on trilinear gauge boson
couplings, it is usual to introduce a different parametrization for theWWγ vertex, for which the following Lagrangian
is considered [1]:
LWWγ = −ie
(
gγ1
(
W+µνW
µAν −W+µ AνWµν
)
+ κγW
+
µ WνA
µν +
λγ
m2W
W+λµW
µ
ν A
νλ
)
(23)
with V µν = ∂µV ν − ∂νV µ. In this parametrization ∆κ = κγ − 1 + λγ and ∆Q = −2λγ . In the SM gγ1 = κγ = 1 and
λγ = 0 at the tree level. Furthermore, it is usual to introduce the definition ∆κγ ≡ κγ − 1, which evidently is not the
same as the ∆κ form factor used throughout this work.
The most stringent limits on trilinear gauge boson couplings up to date were obtained by the Delphi collaboration
using the data from W+W− and W production at the large electron positron collider (LEP2) at centre-of-mass
energies between 189 and 209 GeV [84]. The data from the jjℓν, jjjj, jjX and ℓX final states were used, where j, ℓ
and X represent a jet, a lepton and missing four-momentum, respectively. A fit to a single parameter while keeping
held the other parameters places the following limits [84]:
λγ = 0.002
+0.035
−0.035 (24)
∆κγ = 0.024
+0.077
−0.081 (25)
6Aµ
W+βW
+
α
T (b)
b(T )
FIG. 1: Feynman diagrams for the fermion contribution to the WWγ vertex at the one-loop level in the LHM.
The limits obtained at Tevatron by the D0 collaboration by combining measurements of diboson production in pp¯
collisions at
√
s = 1.96 TeV are less stringent [85] but it is expected that they reach the level of the LEP2 limits when
combined with the CDF data [85]. Although the LEP and Tevatron data are consistent with the SM, new physics
effects cannot be ruled out. However, to disentangle any new physics from the SM radiative corrections it would be
necessary to achieve a very high experimental sensitivity to anomalous trilinear gauge boson couplings. While the
sensitivity to ∆κγ and λγ is above the 10
−2 level at the Tevatron, the expected sensitivity at the LHC via pp→Wγ is
|∆κγ | ∼ 5×10−3 and |λγ | ∼ 3×10−4, with an integrated luminosity of 300 fb−1 and a running of three years [86]. The
sensitivity to ∆κγ might be considerably improved at the future ILC via e
−e+ →W−W+. The projected sensitivity
of this machine running at 800 GeV with an integrated luminosity of 1000 fb−1 is |∆κγ | ∼ 10−4 and |λγ | ∼ 2× 10−4
[86]. Three years of running are also assumed.
IV. THE W FORM FACTORS IN THE LHM WITH AND WITHOUT T-PARITY
We now turn to present the analytical expressions for ∆κ and ∆Q in the framework of the LHM, and the corre-
sponding results for the LHM with T-parity will follow straightforwardly. Our calculation is done in the unitary gauge
and Feynman parametrization is used for the loop integrals. Before presenting our calculation we would like to make
some remarks about the order of the distinct contributions to the W form factors. We will consider the following
types of corrections:
• Type a: these are contributions arising from loops including heavy particles (with mass M ∼ f). A closer study
of the loop amplitudes shows that this class of contributions behave as (mW /M)
2 ∼ (v/f)2 for large f . This is
also observed in contributions to the W form factors from other weakly coupled theories [10].
• Type b: these are contributions that arise from loops including only SM particles when the LHM corrections
to the SM vertices are considered. It turns out that these contributions are proportional to (v/f)2 and are
expected to be of similar size to the ones of type a.
• Type c: some LHM couplings are zero at the lowest order and arise up to higher orders of v/f . Extra con-
tributions to the W form factors can arise from loops with heavy particles when the higher order corrections
to the LHM couplings are considered. These contributions have a suppression factor of (v/f)2 due to the loop
amplitude and an additional suppression coming from the involved couplings. These contributions are of the
order of (v/f)4 and they can be important only for f . 1 TeV but they will be negligible for larger f
A. Fermion contributions
There are type a and type c contributions from t and T loops. Since the SM coupling Wbt is corrected by terms
of the order of (v/f)2, the WWγ vertex including only SM quarks in the loop will receive contributions of the order
of (v/f)2. There are also contributions from loops with a top partner T and a b quark, as shown in Fig. 1. Since
the WTb coupling arises at the order of (v/f), the respective contribution to the W form factors has an additional
suppression factor of (v/f)2 as this vertex enters twice in the loop amplitude. For the reasons explained before, these
corrections can be important in the LHM with T-parity and we will include them in our calculation.
7The fermion triangle has been calculated previously [4] but we have recalculated this contribution. We will present
the most general expressions for the W form factors coming from type a and type c contributions, which are valid in
both the LHM and the LHM with T-parity.
The fermion contributions to ∆κ can be written as
∆κF =
g2
16π2
3v2|Vtb|2
2f2
∑
u=t,T
∫ 1
0
au
(
Qbf
u,b(x) −Quf b,u(x)
)
dx, (26)
with au = −x2L + c2(c2 − s2) for u = t and au = x2L for u = T . Also
f i,j(x) =
x− 1
λi,j
(−5 x2 + 3 x3 − xj − λi,j + x (2 + xj + 3λi,j)+ (3 x− 1) λi,j log(λi,j)) , (27)
where we introduced the shorthand notation xi = (mj/mW )
2, while λi,j depends on x:
λi,j(x) = x2 + (xi − xj − 1)x+ xj . (28)
As far as the contribution to ∆Q is concerned, it is given by
∆QF =
g2
16π2
3v2|Vtb|2
2f2
∑
u=t,T
∫ 1
0
au
(
Qbg
u,b(x) −Qugb,u(x)
)
dx, (29)
with
gi,j(x) =
4
3λi,j
(1− x)3 x. (30)
In the above equations xL = λ
2
1/(λ
2
1+λ
2
2). To get the contributions in the LHM with T-parity we must set c = s and
make the following replacement: xL → c2λ and T → t′+, with cλ = 1−m2t′
−
/m2t′
+
.
B. Scalar contributions of type a
There are type a contributions from all the physical scalar bosons through 15 triangle diagrams involving scalar
particles and gauge bosons. All these contributions can be obtained from only three generic Feynman diagrams, as
depicted in Fig. 2. Each one of these triangle diagrams is free of ultraviolet singularities and renders an electromagnetic
gauge invariant amplitude by itself.
The type a corrections induced by the Feynman diagrams of Fig. 2 can be written as
∆κS =
g2
16π2
∑
i=a,b,c
∫ 1
0
Fi(x)dx, (31)
with
Fa(x) =
∑
S=H,φ0
hS,WHfS,WHa (x) + h
φ0,W fφ
0,W
a (x) −
∑
V=W,WH
hφ
−−,V fφ
−−,V
a (x), (32)
Fb(x) =
∑
V=Z,ZH ,AH
hV,φ
−
fV,φ
−
b (x) +
∑
V=W,WH
hV,φ
−−
fV,φ
−−
b (x), (33)
and
Fc(x) =
∑
S=H,φ0,φP
hS,φ
−
fS,φ
−
c (x) − hφ
−−,φ−fφ
−−,φ−
c (x) + h
φ−,φ−−fφ
−,φ−−
c (x), (34)
where the hX,Y coefficients, which account for all the coupling constants involved in each loop amplitude, can be
written as
hX,Y =
∣∣gXXA g2WXY ∣∣
eg2
. (35)
8Aµ
W+βW
+
α
V +
S0, φ−−
(a)
Aµ
W+βW
+
α
φ+ (φ−−)
V 0 (V +)
(b)
Aµ
W+βW
+
α
φ+ (φ−−)
S1(φ+)
(c)
FIG. 2: Feynman diagrams for the scalar boson contribution to the on-shell WWγ vertex. The following notation is employed:
V + stands for the charged gauge bosons W or WH , S
0 holds for the physical neutral scalar bosons H or φ0, S1 can be S0,
φP or φ−−, whereas V 0 represents the massive neutral gauge bosons Z, ZH or AH . In the LHM with T-parity, the scalar
contributions arise from the Feynman diagram (a) with the W gauge boson and the Higgs boson H in the loop, and from the
Feynman diagram (c).
The couplings gXXA and gWXY can be obtained from Table II as they are the factors that multiply the Lorentz
parts Rµ, gµν , Sµνρ and Tµνρσ in the respective interaction vertices XXA and WXY . The notation employed is
evident since the external W bosons couple to the internal particles X and Y , whereas the photon is emitted off the
Y particle. The explicit form of each hX,Y coefficient is given in Table I, while the fX,Yi (x) functions are given by
fS,Va (x) =
(1− x)2(x2 + λS,V + 3xV )
2m2Wλ
S,V xV
, (36)
fV,Sb (x) = −
(1− x)(4xV x+ λV,S(1− 3x) log(λV,S))
2m2Wλ
V,SxV
, (37)
fS1,S2c (x) = −2(3x2 − 4x+ 1) log(λS1,S2), (38)
and λX,Y is given by Eq. (28). Note that the fX,Yi (x) functions arise from the Feynman diagram labeled (a), (b), and
(c) in Fig. 2. Therefore, the partial contributions to ∆κ can be straightforwardly obtained from the above equations.
As for the type a scalar contribution to ∆Q, it is given by:
∆QS =
g2
16π2
∑
i=a,b,c
∫ 1
0
Gi(x)dx, (39)
with
Ga(x) =
∑
S=H,φ0
hS,WHgS,WHa (x) + h
φ0,W gφ
0,W
a (x)−
∑
V=W,WH
hφ
−−,V gφ
−−,V
a (x), (40)
Gb(x) =
∑
V=Z,ZH ,AH
hV,φ
−
gV,φ
−
b (x) +
∑
V=W,WH
hV,φ
−−
gV,φ
−−
b (x), (41)
9X Y
√
hX,Y
H WH
g(c2−s2)v
4sc
φ0 WH
g(c2−s2)(s0v−2
√
2v′)
4sc
φ−− WH
g(c2−s2)v′
sc
φ0 W g(s0v−2
√
2v′)
2
φ−− W 2gv′
Z φ− g′v′
ZH φ
− g(c2−s2)v′
2sc
AH φ
− g′(c′2−s′2)(vs+−4v′)
4gs′c′
H φ− (
√
2s0−s+)
2
φ0 φ− 1√
2
φP φ− 1√
2
φ−− φ− 1
TABLE I: Constant coefficients hX,Yi as given by Eq. (35). For the coefficients not listed, h
X,φ−− = 2hφ
−−,X for X =W,WH ,
and φ−.
and
Gc(x) =
∑
S=H,φ0,φP
hS,φ
−
gS,φ
−
c (x)− hφ
−−,φ−gφ
−−,φ−
c (x) + h
φ−,φ−−gφ
−,φ−−
c (x), (42)
with the gX,Yi functions given by
gS,Va (x) =
(1 − x)3x
3m2Wλ
S,V xV
, (43)
gS,Vb (x) =
(1− x)3x
3m2Wλ
V,SxV
, (44)
gS1,S2c (x) =
4(1− x)3x
3λS1,S2
. (45)
Note that we have considered the most general scenario with nondegenerate masses for the heavy scalar triplet
and the heavy gauge bosons WH and ZH . In the degenerate mass approximation for the heavy scalar bosons, the
contribution of the Feynman diagrams of type (c) where the photon is emitted off the singly charged scalar φ− cancel,
surviving only the Feynman diagram where the photon is emitted off the doubly charged scalar φ−−.
C. Scalar contributions of type b
These contributions arise from loops involving only SM particles. The only contribution is that given by the
Feynman diagram 2(a) with the SM gauge boson W and the Higgs boson H circulating in the loop. The respective
contributions are
∆κS =
g2
16π2
hH,W
(
v
f
)2 ∫ 1
0
fH,Wa (x)dx, (46)
and
∆QS =
g2
16π2
hH,W
(
v
f
)2 ∫ 1
0
gH,Wa (x)dx, (47)
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FIG. 3: Feynman diagrams that give contributions of type c to the W form factors in the scalar sector of the LHM.
with hH,W = − 23 + (c2 − s2)2.
We have given the contribution to the W form factors in the LHM. The respective contributions in LHM with
T-parity are obtained when the relations given in Eqs. (16)-(18) are considered. It means that apart from the
contributions (46) and (47), in the LHM with T-parity the W form factors receive contributions from the Feynman
diagrams of Fig. 2(c) with only heavy sacalars.
D. Scalar contributions of type c
This class of contributions comes from the four Feynman diagrams shown in Fig. 3. Although this class of
contributions are also present in the LHM without T-parity, they can be subdominant as in such a model the scale f
is expected to be much larger than v due to electroweak constraints [28]. We expect this contributions to be important
only for the LHM with T-parity since in this model a value of f = 500 GeV is still consistent with electroweak precision
mesurements [37].
The higher-order contributions to the ∆κ form factor can be written as
∆κS−H0 =
g2
16π2
(
v
f
)2 ∫ 1
0
FS−HO(x)dx, (48)
where
FS−HO(x) = m2W
(
2
9
fφ
P ,WH
a (x) + f
φ−−,WH
a (x) +
t2W
4
fAH ,φ
−
b (x) + 2f
WH ,φ
−−
b (x) +
1
3
∫ 1−x
0
fd(x, y)dy
)
, (49)
with fa(x) and fb(x) given in Eqs. (36)-(37), while fd(x, y), which accounts for the diagrams (c) and (d) of Figure 3,
is given by
fd(x, y) =
1
2m2Wλ(x, y)xWH
(2 y xWH + (3 x− 1)λ(x, y) log(λ(x, y))) , (50)
with
λ(x, y) = x2 + x(xφ−− − xφ− − 1) + xφ− + y(xWH − xφ−), (51)
The respective corrections to the ∆Q form factor are given by
∆QS−HO =
g2
16π2
(
v
f
)2 ∫ 1
0
GS−HO(x)dx, (52)
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FIG. 4: Feynman diagrams of the gauge boson contribution to the on-shell WWγ vertex at the one-loop level in the LHM,
excluding SM contributions. There are four other sets similar to the one composed by diagrams (a) to (c) whose contribution
is multiplied by an additional suppression factor of the order of (v/f)4. Such contributions will not be considered in our
calculation. Due to the modification of the SM vertex WWZ, Feynman diagrams (a)-(c) also contribute when the WH and ZH
gauge bosons are replaced by their SM counterparts.
where
GS−HO(x) = m2W
(
2
9
gφ
P ,WH
a (x) + g
φ−−,WH
a (x) +
t2W
4
gAH ,φ
−
b (x) + 2g
WH ,φ
−−
b (x) +
1
3
∫ 1−x
0
gd(x, y)dy
)
, (53)
with ga(x) and gb(x) given in Eqs. (43)-(44), and
gd(x, y) =
2xy (1− x− y)
m2Wλ(x, y)xWH
. (54)
E. Gauge boson contributions
We first present the type a corrections that arise from the Feynman diagrams shown in Figure 4. This class of
corrections is the same in both the LHM and the LHM with T-parity. There are additional contributions that include
SM gauge bosons and heavy gauge bosons but apart from the suppression coming from the loop amplitude, they
would receive an additional suppression factor of of (v/f)4 due to vertex corrections. It is interesting to note that
the amplitudes of all the Feynman diagrams of Fig. 4 must be summed over to cancel ultraviolet divergences. As far
as gauge invariance is concerned, bubble diagrams labeled (a) and (b) must be added up to render a gauge invariant
amplitude, whereas diagrams labeled (c) and (d) give a gauge invariant amplitude by themselves. The contribution
of the Feynman diagrams of Fig. 4 can be written as1
∆κG =
g2
16π2
∑
i=a,c,d
∫ 1
0
fˆZH ,WHi (x)dx, (55)
where the fˆZH ,WHi (x) functions stand for the contributions of the Feynman diagrams (a) to (d). The subscript a
denotes the sum of the contributions of the bubble diagrams (a) and (b), which are to be added up to give gauge
1 For the remaining sets of Feynman diagrams described in Fig. 4, each fˆ
ZH ,WH
i (x) function must be multiplied by an additional
coefficient, analogue to those appearing in Eqs. (32)-(34), that arises from the coupling constants associated with the interaction
vertices involved in each Feynman diagram. These coefficients are rather lengthy but they are of the order of (v/f)4 .
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invariance, while the subscripts c and d denote the contribution of Feynman diagrams labeled (c) and (d), respectively.
The total contribution of the Feynman diagrams (a) and (b) is given by
fˆA,Va (x) =
1
xAxV
{[
2
(
(xA + xV )x
3 − (2xA + xV )x2 − (2xA + 1)xV x+ (xA + 1)xV
)
−λ(xA + 3xV + 1− 2(2xA + 2xV + 1)x)] log(λ)− (2x− 1)λ(xA + xV + 1)
}
, (56)
whereas the contribution of the Feynman diagrams labeled (c) and (d) are
fˆA,Vc (x) =
(x − 1)
2λxAxV
{
(2xA + 4xV − 1)x5 + (1− 8xA − 4xV )x4
+
[
9xA − 6xV xA − 7xV + 2λ(2xA + 4xV − 1) + 1
]
x3
+
[
4xV xA + xA + 7xV − 2λ(3xA + 4xV − 1)− 1
]
x2
+
[
(8xA − 11xV − 4)λ2 − (30xV xA + 7xA + 7xV − 1)λ+ (3 − 5xA)xV
]
x
+5λ2 − λ+ 3λ2xA + λxA − 2λ2xV + 7λxV + 10λxAxV + 3xAxV − 3xV
+λ
[
(10xA + 29xV − 5)x3 + (−26xA − 21xV + 3)x2 +
(
xA(10− 45xV ) + 18(2λ− 1)xV
)
x
+3
(
λ(xA − 5xV − 1) + (5xA + 4)xV
)]
log(λ)
}
, (57)
fˆA,Vd =
3
2
(
3 log(xV ) + 1
)
, (58)
where λ = λA,V (x, y) is given by Eq. (28). Note that we have dropped the ultraviolet singularities since, as explained
above, they cancel when all the contributions are summed over.
As far as ∆Q is concerned, it only receives a contribution from the triangle diagram:
∆QG =
g2
16π2
∫ 1
0
gˆZH ,WHc (x)dx, (59)
where
gˆA,Vc (x) = −
(x− 1)2
3λxAxV
[
x(x − 1)
(
(2xA + xV − 1)x2 − 2xAx− xA − xV − 9xAxV + 1 + λ(2xA + xV − 1)
)
+λ
(
5(2xA + xV − 1)x2 − 2(4xA + xV − 1)x+ xA
)
log(λ)
]
, (60)
with λ = λA,V (x) given by Eq. (28).
There are also type b contributions arising from corrections to the SM vertexWWZ. These are given by loops similar
to those shown in Fig. 4(a)-4(c) but with the heavy gauge bosons WH and ZH replaced by their SM counterparts.
The WWZ is corrected up to the order of (v/f)4 due to gauge boson mixing but it can get a correction of the order
of (v/f)2 due to the modification of GF by WH exchange [39]. The respective contributions to the W form factors
are given by
∆κGSM =
g2
16π2
hZ,W
(
v
f
)2 ∑
i=a,c
∫ 1
0
fˆZ,Wi (x)dx, (61)
∆QGSM =
g2
16π2
hZ,W
(
v
f
)2 ∫ 1
0
gˆZ,Wa (x)dx, (62)
with hZ,W =
c2
W
4 cos 2θW
(−4c2s2 + 5(c′2 − s′2)2)
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V. NUMERICAL RESULTS AND ANALYSIS
A. Constraints on the model parameters
Several parameters of the LHM are involved in our calculation, such as the scale of the global symmetry breaking f ,
the mixing angle of the gauge sector tan θ = s/c = g1/g2, the VEV of the SU(2) triplet v
′, etc. Constraints on these
parameters have been obtained from electroweak precision measurements [28–37], including the Z pole data, low-
energy neutrino-nucleon scattering, and the W mass measurement. In the LHM, weak isospin violating contributions
to electroweak precision observables are present as there is no custodial SU(2) global symmetry [28]. The largest
corrections are due to the exchange of the heavy gauge bosons [28]. A global fit was performed to experimental data
[28] and it was found that the symmetry breaking scale f is severely constrained throughout most of the parameter
space: f > 4 TeV at 95% C.L. [28] for generic values of the mixing parameters c and c′. In the best scenario, a
suitable election of the hypercharge assignments of the light fermions under the two U(1) factors allows for f ∼ 1
TeV for a small region of the parameter space [30]. Although the LHM seems tightly constrained, it was suggested in
Ref. [39] that dangerous corrections to electroweak precision observables may be controlled by tuning the parameters
of the model, which would allow for less stringent constraints on the scale f . This tuning seems however unnatural
and contrary to the spirit of the model. As commented before, the addition of the discrete symmetry T-parity can
alleviate this problem [27] by forbidding any interaction induced by the triplet VEV v′ and the tree-level contributions
to electroweak observables arising from the heavy gauge bosons. Corrections to electroweak observables are generated
up to the one-loop level and constraints on the model parameters are significantly weaker than in the original LHM,
allowing f to be as low as 500 GeV [37].
Below we will examine the size of the different contributions to the ∆κ and ∆Q form factors as a function of the
scale f . To analyze the behavior of the form factors, we will consider the region 500 GeV ≤ f ≤ 6000 GeV. The
allowed region can be taken as f > 4 GeV in the LHM, whereas the allowed region in the LHM with T-parity is
f > 500 GeV. To be consistent with electroweak precision constraints we will use c′ = s′, which in fact is true in
the LHM with T-parity. As far as the mixing parameter c is concerned, we consider the range 0.1 ≤ c ≤ 0.9 which
is required for the SU(2)H coupling not to be strongly interacting. Although the lower bound on f depends on the
actual value of c, our analysis and conclusions will remain unchanged, as f > 4 ∼ 5 TeV in the region considered for
c. We also would like to stress that the value c = s corresponds to the LHM with T-parity, but it also applies to the
LHM without T-parity as in such a case the calculated contributions to the W form factors coincide. For the masses
of the heavy particles, we will use the lower bound on the scalar triplet mass given by Eq. (13), whereas for the heavy
gauge boson masses we will use the exact expressions given in Eq. (7) and (8). The new contributions to the W form
factors will be given in units of the constant a = g2/(96π2), which has been customarily used in other calculations of
the W form factors reported in the literature [5–11].
B. Fermion contribution
The corrections to the W form factors from the fermion sector depends on the parameters c, xL, and f . We will
use the value xL = 1/2, which corresponds to a mass of the heavy top partner given by mT =
√
2f . We will analyze
the dependence of the form factors for three values of the mixing parameter c, namely, c = 0.1, c = s, and c = 0.9.
The results are shown in Fig. 5. The full f region shown in the plots is allowed in the LHM with T-parity but only
the region to the right of the vertical line is the one allowed in the LHM without T-parity. We can observe that the
size of ∆κ is larger for c = 0.9 and smaller for c = 0.1, while ∆Q shows the opposite behavior, though it is highly
suppressed for c = 0.9. For c = s and c = 0.1 the curves for ∆Q are almost indistinguishable.
C. Scalar boson contribution
In the LHM, the mixing parameters of the scalar sector can be approximated as s0 ≃ 2
√
2v′/v and s+ ≃ 2v′/v [39].
In this limit the coefficients hφ
0,WH and hφ
0,W vanish. Also, those Feynman diagrams whose amplitude is proportional
to v′2 are suppressed by an additional factor of (v′/mW )2. Since, constraints from electroweak precision observables
indicate that v′ ≪ v, we will neglect also those contributions, which exactly cancel in the LHM with T-parity indeed.
Our calculation consider thus the following corrections to the W form factors. First, there is the type a contribution
from the Feynman diagram of Fig. 2(a) with the light Higgs boson H and the heavy gauge boson WH running in
the loop, which is proportional to (c2 − s2)2 and it could give a non-negligibly contribution for values of the mixing
parameter c such that (c2 − s2)2 ∼ O(1). This contribution however vanishes in the LHM with T-parity. Also, we
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FIG. 5: Fermion contribution to the W form factors in the LHM as a function of the scale f for two values of the mixing
parameter c and xL = 1/2, in which case mT,t′
+
=
√
2f . The curves for c = s correspond to the LHM with T-parity. To the
right of the vertical line there is the allowed region of the LHM without T-parity, but the complete region is still allowed in the
LHM without T-parity.
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FIG. 6: Scalar contribution to the W boson form factors in the LHM, in units of a = g2/(96pi2) as a function of the scale f
and for three values of the mixing parameter c. The curve for c = s corresponds to the LHM with T-parity. The mass of the
scalar triplet is set to the lower bound mΦ =
√
2mHf/v with mH = 114 GeV, whereas the masses of the heavy gauge bosons
are given in Eqs. (7) and (8). The allowed region for the f parameter due to electroweak constraints lies to the right from the
vertical line in the LHM, but the whole region is still allowed in the LHM with T-parity.
will include the type a contribution from the loops with only heavy scalars, and the type b and type c contributions
described above. The latter can be non-negligibly for f . 1 TeV.
In Fig. 6 we show the behavior of the scalar contribution to ∆κ and ∆Q as a function of the scale f for three
representative values of the mixing parameter c. The dominant contribution to ∆κ arises from the loop with the
gauge boson W and the Higgs boson H (type b contribution). Since the contribution from the loop with the heavy
gauge boson WH and the Higgs boson H is proportional to (c
2− s2)2, it reaches its large size when (c2− s2)2 ∼ O(1).
In this case this contribution is of the same order of magnitude than the type b contribution. However, for c = 0.1
these contributions have opposite sings and their sum can suffer from cancelations. The remaining contributions to
∆κ (type a and type c) are subdominant, with the type c contribution being important only for f . 1 TeV. As far
as ∆Q is concerned, it gets the dominant correction from the loops with heavy scalars (type a contribution) and the
type b contribution. The type a contribution from the Feynman diagram of Fig. 2(a) is subdominant and so are the
type c contributions. As a result, ∆Q is almost independent of the value of the mixing parameter c. In summary,
∆κ is larger for c = s and lower for c = 0.9, whereas ∆Q is almost indistinguishable in the LHM and the LHM with
T-parity. Both form factors decrease quickly for increasing f .
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FIG. 7: Gauge boson contribution to the W gauge boson form factors in the LHM, in units of a = g2/(96pi2), as a function
of the scale f and for three values of the mixing parameter c. The value c = s corresponds to the LHM with T-parity. The
masses of the heavy gauge bosons are given in Eq. (7). The allowed region for the f parameter due to electroweak constraints
lies to the right from the vertical line in the LHM, but the whole region is still allowed in the LHM with T-parity.
D. Gauge boson contribution
The gauge boson corrections to ∆κ and ∆Q are shown in Fig. 7 as a function of the scale f . The masses of the
heavy gauge bosons are given in Eq. (7). The dominant gauge boson contribution arises from the type b contribution
whereas the Feynman diagrams of Fig. 4 (type a contribution) are subdominant. For small values of c, the gauge
boson contributions are very suppressed as the heavy gauge boson masses mWH and mZH are very large for a fixed f .
In general, both ∆κ and ∆Q receive very small corrections for very large f . The gauge boson contributions to the W
form factors have a magnitude similar to those arising from the fermion sector and from the Feynman diagrams with
only heavy scalar particles [Fig. 2(c)], but all these contributions can add destructively or constructively depending
on the value of c.
E. Total contribution
Finally, we present the total contribution to the W form factors from the LHM as a function of the scale f for the
same values of the parameters of the model used in the above analysis. The dominant contributions to the W form
factors are those of type a and type b, whereas the type c contributions are only important for f < 1 TeV. However,
the partial contributions can add constructively or destructively depending on the value of the mixing parameter c.
For values of f . 1 TeV, the effects of the higher order corrections can be important as the factor v/f is not very
suppressed. When c = 0.1 and c = s, there is no cancelation between the partial contributions to ∆κ, which can
reach its larger size. As far as ∆Q is concerned, the partial contributions add destructively for c = 0.1 but they add
constructively for c = s and c = 0.9.
In summary, in the allowed region of the LHM without T-parity (f > 4 TeV), the new contributions to the W form
factors are very suppressed. However, for f around 500 GeV, a region still allowed in the LHM with T-parity, ∆κ
and ∆Q can be of the order of 100− 10−1, in units of the constant a. To have an idea of the size of these corrections,
the W form factors are corrected in the SM by terms of the order of: ∆κ ∼ 10a and ∆Q ∼ a [3]. The contribution
from other weakly coupled SM extensions are about one percent of the SM corrections for values of the masses of the
new particles consistent with the current experimental bounds [5–11]. After inserting the value of the constant a, we
conclude that the largest corrections to the W form factors are obtained in the LHM with T-parity: |∆κ| ∼ 4.5×10−4
and |∆Q| ∼ 7.7 × 10−5 for f = 500 GeV. We will see below that these values may get some enhancement from the
strongly-coupled ultraviolet (UV) completion of the LHM.
F. Estimate of the contribution of the ultraviolet completion of the LHM to the W form factors
The LHM is an effective theory valid up to the cutoff scale Λ = 4πf . Above this scale the physics becomes strongly
coupled, and the LHM model must be replaced by its UV completion, which would be a QCD-like gauge theory with
a confinement scale around 10 TeV [14, 87, 88]. This gives rise to the possibility that EWSB is driven by strong
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FIG. 8: One-loop corrections to ∆κ and ∆Q in the LHM for three values of the mixing parameter c, in units of a = g2/(96pi2),
as a function of the scale f . The curve for c = s corresponds to the LHM with T-parity. For the masses of the heavy scalars
we used the lowest bound mΦ =
√
2mHf/v with mH = 114 GeV, the masses of the heavy gauge bosons are given in Eqs. (7)
and (8), and the mass of the heavy top partner was taken as mT =
√
2f , which corresponds to xL = 1/2. The allowed region
for the f parameter due to electroweak constraints lies to the right from the vertical line in the LHM, but the whole region is
still allowed in the LHM with T-parity.
dynamics such as occurs in technicolor theories. Although we will not give a detailed account of the features of such
an UV completion, it would be interesting to consider the possibility that the W form factors can receive important
corrections from strongly interacting couplings. An example of such UV completions is that discussed in [87], where
a slightly modified version of the LHM was embedded into a renormalizable supersymmetric theory valid up to scales
of the order of the Planck scale. This UV completion considers a new ultracolor gauge interaction, with the ultracolor
gauge group SO(7), and a set of ultrafermions transforming in a real representation of SO(7).
An estimate for the size of the W form factors from strongly interacting theories such as technicolor was already
obtained via the effective lagrangian approach and na¨ıve dimensional analysis in Ref. [2]. These results are rather
general and can be used to get an estimate of the size of the contributions of the LHM UV completion, which may
arise from a technofermion loop for instance. The parametrization used for the CP-conserving WWγ coupling is the
one given in Eq. (23). In order to estimate the size of the electromagnetic W form factors due to strongly interacting
couplings, the effective Lagrangian can be written as the one of a gauged chiral model and the appropriate expansion of
the Lagrangian is given in four-momentum powers. Though strongly coupled, the effective Lagrangian must represent
a consistent theory at low energies, which means that the tree-level contributions are not to be swamped by radiative
corrections. In the chiral effective Lagrangian κγ is associated with a dimension-four operator while λγ is associated
with a dimension-six operator. Na¨ıve dimensional analysis allows one to obtain the following estimates[2]:
|∆κγ | ∼ 1
(4π)2
∼ 6× 10−3, (63)
|λγ | ∼ g
2
(4π)4
∼ 10−5, (64)
This translates into the estimate |∆κ| ∼ 6.2×10−3 and |∆Q| ∼ 2×10−5, which agrees with the estimate of the size
of the W form factors that was obtained within the framework of technicolor theories in Ref. [89], where the authors
considered the contribution to the WWγ vertex from a heavy fermion SU(N) doublet. These strongly interacting
contributions would enhance the size of the W form factors in the LHM unless the confinement scale is too large.
VI. FINAL REMARKS
We have calculated the one-loop corrections to the static electromagnetic properties of the W gauge boson in both
the LHM and the LHM with T-parity. We also considered an estimate of the contribution of the strongly coupled
UV completion of the theory. As far as the corrections from the weakly coupled interactions are concerned, the new
contributions depend on the mixing parameter c and the scale f . The partial contributions can add constructively
or destructively depending on the value of c. We considered the contributions up to the order of (v/f)4, which are
subdominant but can add constructively to enhance somewhat the W form factors for values of f . 1 TeV. As a
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matter of fact, the corrections to the W form factors are expected to be very suppressed in the LHM without T-parity
since the scale f is strongly constrained in this version of the model. The largest contribution to both form factors
would arise in the LHM with T-parity (c = s) for f around 500 GeV, which is a region still allowed in this model.
The size of such corrections is about the same order of magnitude than the corrections of other (weakly coupled)
extensions of the SM, such as supersymmetry theories [6–9], the two-Higgs doublet model [5], 331 models [10, 11].
However, these corrections seem to be below the level of experimental sensitivity in future measurements at the LHC
and the planned ILC. There is however the possibility that the strongly interacting UV completion of the LHM may
enhance the size of the W form factors by about one order of magnitude.
Acknowledgments
Support from SNI (Mexico) and VIEP-BUAP is acknowledged. We would like to thank I. Fuentecilla for partici-
pating in the early stage of this work.
Appendix A: Feynman rules
In this appendix we present the Feynman rules necessary for our calculation. In Table II we show the Feynman
rules for the LHM [39].
The Feynman rules to get the corrections to the W form factors in the LHM with T-parity can be obtained from
Table II after the replacements of Eqs. (16)-(18) are done [58, 60].
For the type c corrections to the W form factors we also need the Feynman rules given in Table III.
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TABLE II: Feynman rules in the LHM [39] that induce theW form factors. All the momenta are outgoing and we have dropped
the L subscript in the light (SM) gauge bosons. g′ = g/cW , Rµ = (p1−p2)µ, Sµνρ = gµν(k1−k2)ρ+gνρ(k2−k3)µ+gµρ(k3−k1)ν ,
and Tµνρσ = 2gµνgσρ−gµρgνσ−gµσgνρ. Also PL = 12 (1−γ
5), δWWH = 1− v
2
f2
( 1
3
− 1
2
(c2−s2)2) and δWtb = 1− v
2
2f2
(x2L−c
2(c2−s2)).
Vertex Feynman rule
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TABLE III: Feynman rules necessary to calculate the contributions to the W form factors up to the order of (v/f)4 [58, 60].
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